The growth factor TGF-b is secreted in a latent complex consisting of three proteins: TGF-b, an inhibitor (latency-associated protein, LAP, which is derived from the TGF-b propeptide) and an ECM-binding protein (one of the latent TGF-b binding proteins, or LTBPs). LTBPs interact with fibrillins and other ECM components and thus function to localize latent TGF-b in the ECM. LAP contains an integrin-binding site (RGD), and several RGD-binding integrins are able to activate latent TGF-b through binding this site. Mutant mice defective in integrin-mediated activators, and humans and mice with fibrillin gene mutations, show the critical role of ECM and integrins in regulating TGF-b signaling.
I n addition to providing physical support for cells and tissues, the ECM serves as an information-rich structure interpreted by cells through multiple lines of interacting sensory inputs, prominent among which are the integrins (the major receptors used by cells to adhere to ECM components) and growth factor (GF) signaling (Hynes 2009 ). These three systems (integrins, ECM, and GFs) interact: for example, many GFs are stored within and can be released from ECM-binding sites. Integrins transmit information about the ECM's mixture of components and mechanical properties, and also assemble and rearrange ECM components. Within the cell, integrin and GF signaling pathways extensively cross talk with each other (Streuli and Akhtar 2009; Ivaska and Heino 2010) .
Transforming Growth Factor (TGF)-b signaling serves as a paradigm of how integrin, ECM, and GF function are linked. TGF-b was isolated as a tumor-secreted factor (de Larco and Todaro 1978; Roberts et al. 1982) , and was later shown to exist as three biologically similar isoforms encoded by separate genes. TGF-b is synthesized by, and can signal to, essentially all cells, and its actions are wideranging. It inhibits proliferation of many cell types, broadly regulates the immune system (Li et al. 2006) , and orchestrates ECM production and proteolytic turnover; for example, TGF-b overexpression causes fibrosis (Roberts et al. 1986; Sime et al. 1997) . TGF-b is released from cells in a latent complex formed by three proteins: TGF-b, the processed TGF-b propeptide, and a member of the latent TGF-b binding protein (LTBP) family. LTBPs are microfibrilassociated proteins that tether latent TGF-b to the ECM.
TGF-b activation appears to be the critical checkpoint controlling TGF-b's actions, and has been intensely investigated. It now appears that actions of the ECM and of integrins are central to this process, at least for two of the TGF-b isoforms. Experimental models of Marfan Syndrome (MFS) and related disorders are helping to show how the ECM precisely controls the amount of TGF-b available for activation. Other work has shown that RGD-binding integrins, in particular avb6 and avb8, directly bind and activate latent TGF-b. In this article, we describe the components of this unusual system.
CROSS TALK BETWEEN INTEGRINS AND GROWTH FACTORS
Integrins are transmembrane receptors that form cell-cell and cell-matrix adhesions. Each of the 24 integrins in mammals is a heterodimer composed of one of 18 a subunits and one of eight b subunits. Subgroups of integrins are defined by binding to collagens, laminins, or RGD amino acid sequences, or by being expressed on leukocytes. Integrin structure and function are discussed elsewhere in this collection and in several reviews (Hynes 2002; Luo et al. 2007; Askari et al. 2009; Geiger et al. 2009; Campbell and Humphries 2011; Wickstrom et al. 2011; Geiger and Yamada 2011) .
Integrins are not classic signaling receptors in that they possess no enzymatic activity. Integrin signaling depends on the allosteric behavior of the receptors, their ability to concentrate into adhesion zones, and the recruitment to these zones of numerous other "adhesome" components to form complex integrin-based cell adhesions (Zaidel-Bar et al. 2007; Zaidel-Bar and Geiger 2010) . Many adhesome components are enzymes that interact with classic signaling pathways. Integrin signaling and function are heavily dependent on cross talk with other signaling pathways, especially growth factor (GF) signaling pathways (Huveneers and Danen 2009; Streuli and Akhtar 2009; Ivaska and Heino 2010) . GF receptor (GFR) signaling can produce interactions at the cytoplasmic tails of integrins, e.g., with talin and kindlins (Shattil et al. 2010) , that cause "inside-out" conversion of the integrin to a high affinity binding state; this is important for activation of integrins in platelet and leukocyte adhesion. GFR signaling can alter the suite of integrins expressed by cells (Fig. 1A) . For example, TGF-b signaling up-regulates expression of avb3, avb5, avb6, and several b1 integrins Ignotz et al. 1989; Sheppard et al. 1992; Zambruno et al. 1995) . Conversely, integrins indirectly regulate GFR function because both GFRs and molecules that modulate GFR function are present in cell adhesions. In addition, integrins coopt GFR signaling pathways by directly acting on downstream components of the pathways via enzymatic actions of proteins recruited to integrin cytoplasmic tails. Finally, a different form of cross talk involves integrins interacting with extracellular GFs (Hutchings et al. 2003; Vlahakis et al. 2007 ), GF binding proteins (Munger et al. 1998; Ricort 2004) , and soluble GFR (Soro et al. 2008) .
Among GFs that cross talk with integrins, TGF-b stands apart because of the unique ways in which it, the ECM, and integrins interact. First, TGF-b, in a latent form, is not simply a GF-it is an integral component of the ECM and a binding target for integrins (Fig. 1C) . Second, some RGD-binding integrins interact with the RGD site in latent, matrix-associated TGF-b to trigger the activation of the GF-a unique mechanism by which integrins can activate a GF pathway. Third, there is extensive cross talk of a more indirect sort among integrins, ECM, and TGF-b, centered around TGF-b's mostly stimulatory effects on integrin and ECM expression (Ignotz and Massague 1987; Roberts et al. 1992 ).
TGF-b LATENCY
There are three TGF-b isoforms (TGF-b 1-3), encoded by separate genes. The knockouts (Shull et al. 1992; Kaartinen et al. 1995; Sanford et al. 1997; Taya et al. 1999) do not have overlapping phenotypes. The knockout differences are likely caused by different patterns of expression and modes of activation, and the fact that TGF-b2 has a lower affinity for the TGF-b type II receptor and is more dependent on betaglycan (Lopez-Casillas et al. 1993 ) for signaling.
Each TGF-b gene encodes a preproprotein sequence consisting of a signal peptide, a propeptide ( predicted MW 30 kDa) that ends with a proprotein convertase (PPC) cleavage site (R-X-R/K-R), and the "mature" TGF-b sequence (MW 13 kDa) (see Fig. 2 ). After translocation into the endoplasmic reticulum (ER), TGF-b proprotein monomers form homodimers linked by disulfide bonds (one in the TGF-b region, and two or more in the prodomain), forming pro-TGF-b. In the Golgi, the prodomains undergo glycosylation. LAP carbohydrate includes mannose-6-phosphate(M6P) groups, which interact with M6P receptors; this may be important in latent TGF-b activation (Dennis and Rifkin 1991) . Also in the Golgi, the PPC furin hydrolyzes the PPC cleavage site, creating separate TGF-b and propeptide-derived homodimers. The two homodimers remain noncovalently associated and are secreted. The prodomain-derived homodimer prevents TGF-b from binding TGF-b receptors and therefore is called latency-associated peptide (LAP).
In some cases, pro-TGF-b avoids furin processing before secretion. Pro-TGF-b cannot be activated unless it is first processed at the PPC site. Furin cleaves pro-TGF-b extracellularly (other proteases, e.g., plasmin, may as well), and emilin1 inhibits extracellular furin cleavage (Zacchigna et al. 2006) . Emilin1 is a secreted glycoprotein found in elastic fibers at the elastin/microfibril interface. Emilin1-null mice have increased TGF-b signaling in the vasculature, causing hypertension that is reversed on a Tgfb1 þ/ -genetic background (Zacchigna et al. 2006) .
Another important TGF-b processing event in the ER involves the LTBP family (specifically, LTBP-1, -3, and -4). These 125-160-kDa proteins are associated with ECM microfibrils (Hyytiainen et al. 2004) . Disulfide linkages are formed between a cysteine near the amino terminus of each LAP monomer and cysteines in a TGF-b-binding protein-like (TB) domain of LTBP-1, -3, and -4. (A fourth member of the LTBP family, LTBP-2, cannot bind TGF-b.) Although LTBP-1 and -3 bind all three latent TGF-bs, LTBP-4 only binds TGF-b1.
The LAP-TGF-b complex is called the small latent complex (SLC), and LTBP-LAP-TGF-b the large latent complex (LLC). Some cells secrete SLC (Oida and Weiner 2010) , but the LLC form is likely the most common in vivo. LTBP-1, at least in cultured cells, is synthesized in molar excess of SLC and is secreted in free and LAP-bound forms. LTBP-3, on the other hand, is not secreted unless bound to SLC . 
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In addition to rendering TGF-b latent, the TGF-b prodomain promotes proper TGF-b folding and secretion (Gray and Mason 1990) . Sites on LAP that interact with TGF-b or LTBP have been modeled. Interestingly, an a-helix near the amino terminus is responsible for both these interactions. One side of the helix interacts with TGF-b, the other with LTBP ( Fig. 2) (Walton et al. 2010) .
The LAPs of TGF-b1 and TGF-b3 contain RGD sequences near the carboxyl termini. The TGF-b1 form of LAP (LAP1) binds the RGD-binding integrins avb1, avb3, avb5, avb6, avb8, and a8b1, and LAP3 binds avb6 and avb8 (but has not been tested with the other integrins) (Munger et al. 1998; Annes et al. 2002; Lu et al. 2002; Mu et al. 2002; Ludbrook et al. 2003; Araya et al. 2006) . These RGD sequences are widely conserved among TGF-b genes in chordates, but are not found in other TGF-b superfamily members expressed by chordates, nor in nonchordates that express other TGF-b superfamily members.
LTBPs AND FIBRILLINS
The four LTBPs share unique features with the microfibril-associated proteins fibrillin-1, -2, and -3 (see Fig. 3 ). Because LTBPs and fibrillins interact noncovalently, fibrillins along with LTBPs are critical for proper placement of latent TGF-b in the ECM. This idea is supported by evidence that mutations in the fibrillin-1 gene (FBN1) cause MFS and Stiff Skin Syndrome (SSS) because of dysregulated TGF-b bioactivity (discussed below).
The hallmark of the LTBP/fibrillin superfamily is the presence of multiple TB domains (three in LTBPs, seven in fibrillins)-these domains are found only in LTBPs and fibrillins (Ramirez and Sakai 2010) . TB domains contain eight cysteines in a characteristic arrangement (and are also called 8-cys domains). Some TB domains form disulfide linkages with the amino-terminal cysteines in LAP. LTBPs 1, 3, and 4 have just one TB domain apiece that can function in this way, and these LAP-binding TB domains are distinguished from other TB domains by a spacing of four, rather than two, amino acids between the sixth and seventh cysteines (Saharinen and Keski-Oja 2000) . Other TB domains are conjectured to bind ECM (Unsold et al. 2001 ) but their functions are poorly understood.
LTBP/fibrillin proteins are mostly composed of multiple EGF-like repeats (Ramirez and Sakai 2010) , many of which are Ca þ2 -binding (see Fig. 3 ). The presence of Ca þ2 in calcium-binding EGF-like (cbEGF) domains produces a rigid, rod-like structure that is more resistant to proteolysis. LTBPs and fibrillins also contain 1-2 "hybrid" domains (with features of both EGF-like and TB domains), as well as variable numbers of internal prolinerich domains (fibrillin-2 has, instead, a glycine-rich domain, and fibrillin-3 a domain rich in both proline and glycine).
LTBP-1, LTBP-2 and all three fibrillins have 1-2 RGD sequences. The LTBP RGD sequences have not been shown to act as integrin-binding sites. However, the RGD in fibrillin-1 binds a5b1, avb3, and avb6 integrins (Jovanovic et al. 2008 ). This RGD is located in fibrillin-1's fourth TB domain (TB4), and recombinant TB4 flanked by adjacent cbEGF domains 22 and 23 has been crystallized. These data show that the RGD sequence extends from the body of TB4 on a flexible loop arising from a b-hairpin, well positioned for interaction with integrins.
LTBPs are synthesized in structurally distinct forms (Hyytiainen et al. 2004 ). LTBP-1, for example, is transcribed from either of two promoters, leading to "short" and "long" forms, the latter with additional amino-terminal amino acids, designated LTBP-1S and LTBP-1L, respectively. The amino-terminal region of LTBP-1 appears mainly responsible for attachment to the ECM in cell culture experiments, and LTBP-1L associates more readily with ECM than does LTBP-1S. Also, there are several splice variants of LTBP-1. Variant LTBP1D53, for example, lacks part of the proline-rich, protease-sensitive and heparin-binding "hinge" region; variant LTBP1D41 lacks the 12th EGFlike repeat. One of the LTBP-3 variants (LTBP3B) lacks its last TB domain (which does not bind LAP). LTBP-4, like LTBP-1, has forms with varying amino-terminal extensions.
Other LTBP-4 variants include those lacking one or two EGF-like domains, and one (LTBP4DCys-8 3rd ) lacking the TB domain responsible for LAP binding. Differences in the use of these variants may provide a means to fine-tune the amount and accessibility of latent TGF-b in the ECM.
FIBRILLIN ASSEMBLIES AND THEIR INSTRUCTIVE ROLES
Ten-nm microfibrils were initially described in and around amorphous elastin and were later found to exist independent of elastin as well. composed mainly of fibrillin. Fibrillin exists in three isoforms (fibrillin-1, -2, and -3) encoded by separate genes. The ultrastructural appearance of microfibrils suggests they are important structural components of the ECM. However, it is increasingly evident that fibrillin assemblies, through their interaction with LLC and other GFs, perform what Ramirez, Sakai, Rifkin, and Dietz have termed an "instructive" role by presenting GFs to cells in the correct amounts, places and times (Ramirez et al. 2007; Ramirez and Sakai 2010) .
Fibrillin microfibrils are string-like structures containing distinct bead-like shapes. The beads are separated by about 50 -150 nm depending on the source of the fibril and how it was isolated. Sakai and colleagues, using epitope-specific antibodies, showed that the beads contain amino and carboxyl termini of fibrillins, indicating that the fibrillin molecules are arranged in a head-to-tail manner (Reinhardt et al. 1996) . Disulfide bond formation between fibrillin molecules is required for fibril formation. Also, microfibril formation depends on the presence of fibronectin fibers, which are assembled on cell surfaces in an integrindependent manner. However, other details of the process such as the roles of the amino and carboxyl termini in self-assembly and the role of processing by furin-type proteases, remain unsettled. Schemes of organization that could account for the EM observations, involving different types of staggering of fibrillin molecules among themselves and possible folding or "pleating" of the fibrillin molecules, have been proposed, but this issue remains unsettled (Ramirez and Sakai 2010) .
Fibrillin-1 also is produced by epithelial cells in a nonfibrillar form deposited in the lamina densa of basement membranes (Dzamba et al. 2001) . The epithelial cells in these studies secreted fibrillin-1 into the cell layer, but secreted fibrillin-2 into the medium, indicating that the cells can discriminate between these similar proteins. It is not known to what extent fibrillar and nonfibrillar assemblies of fibrillin-1 differ in their "instructive" functions. Sakai and colleagues make the interesting point that fibrillin functions dependent on polymerized fibrillin may be susceptible to dominantnegative mutations that affect the polymerized structure, as in MFS, but the same mutations may not be dominant-negative for functions related to nonfibrillar fibrillin.
LTBPs associate with fibrillin assemblies, for example in perichondrium and in cultures of osteoblasts (Dallas et al. 2000; Isogai et al. 2003) . A host of other proteins also associate with fibrillin, e.g., fibulins, microfibril-associated glycoproteins (MAGP-1 and -2), perlecan, versican, and emilin1 (Ono et al. 2009 ). Emilin1 modulates extracellular pro-TGF-b processing, as noted above, and is a ligand for integrin a4b1 (Spessotto et al. 2003) . Biglycan and decorin are proteoglycans that inhibit active TGF-b, and they associate with other components of elastic fibers in close proximity to fibrillin and may regulate fibrillin-1 expression (Trask et al. 2000; Reinboth et al. 2002; Schaefer et al. 2004) .
Experiments using multiday cultures of normal and fibrillin-1-null dermal fibroblasts show that LTBP-1 and LTBP-4 incorporation into ECM requires fibrillin-1 (Ono et al. 2009 ). Other experiments show that in early cultures, LTBP-1 is colocalized with fibronectin and fibrillin-1, whereas in longer-term cultures LTBP-1 dissociates from fibronectin but remains colocalized with fibrillin-1 (Hyytiainen et al. 2004) . Matrix incorporation of LTBP-2 is also dependent on a fibrillin-1 network (Vehvilainen et al. 2009 ).
The protein -protein interaction sites between LTBPs and fibrillins have been determined using recombinant protein fragments and surface plasmon resonance (SPR) (Ono et al. 2009 ). LTBP-4 binds to the first hybrid domain of fibrillin-1 (Hyb1), whereas LTBP-1 binds to a site involving both Hyb1 and adjacent EGF-like domains 2 and 3. Previous studies showed that LTBP-1's carboxyl terminus binds to fibrillin-1, whereas the amino terminus of LTBPs is mainly responsible for binding ECM made in cell culture, generally, and fibronectin, specifically (Kantola et al. 2008) . Under experimental conditions, competition for binding sites occurs. For example, fibulin-2, -4, and -5 compete with LTBP-1 for binding to fibrillin-1. Also, LTBP-2 (which cannot link to SLC) binds the amino terminus of fibrillin-1 and competes for this binding with LTBP-1. This raises the possibility that the amounts of latent TGF-b associated with microfibrils might be affected by physiological competition with fibulins and LTBP-2.
Proteases (e.g., plasmin, chymase, neutrophil elastase, and MMPs) can cleave LTBP-1 in the "hinge" region near the amino terminus and release LLC from ECM formed by cultured cells. The carboxyl terminus of LTBP-1 also contains a protease-sensitive region (Unsold et al. 2001 ). Thus, proteases may be able to release a truncated form of LLC from associations with fibronectin or other components of ECM that bind LTBP's amino terminus, and from fibrillin-1 interacting at LTBP's carboxyl terminus. A model of muscular dystrophy suggests proteolytic LLC release may be physiologically important (see below).
TGF-b belongs to a large superfamily of GFs, all with prodomains loosely related to LAP. In mammals, this TGF-b superfamily includes BMPs, activins/inhibins, GDFs, nodal, and myostatin. In general, the prodomains of these superfamily members do not cause latency of the GFs (myostatin is an exception), but many associate noncovalently with their cognate GF after proteolytic processing.
Notably, fibrillin-1 and -2 can bind propeptides of multiple members of the TGF-b superfamily directly (specifically, BMP2, -4, -7, -10, and GDF5, as determined by SPR) (Sengle et al. 2008) . Prodomain binding to fibrillins is noncovalent and occurs near the amino terminus of fibrillin in a region that includes Hyb1 and the third and fourth EGF-like domains. By SPR, the dissociation constants are about 20 nM. It is not reported whether prodomain binding competes with LTBP, or other molecules, for binding to fibrillin.
BMP4 colocalizes with fibrillin-1 in several tissues, suggesting that BMP-fibrillin interactions are physiologically relevant. Nistala et al. analyzed bone formation in mice lacking either filbrillin-1 or -2 and found that fibrillin-1 and -2 differentially control both TGF-b and BMP bioavailability (Nistala et al. 2010 ). Fbn2 -/ -mice have reduced bone mass caused by increased TGF-b activation and signaling, which reduces expression of a transcriptional regulator of osteoblast differentiation (osterix). Fbn1 -/ -mice also fail to restrain TGF-b activation by osteoclasts; however, lack of fibrillin-1 also leads to enhanced BMP bioavailability and signaling that promotes osterix expression, overriding the inhibitory effect of TGF-b signaling. Interestingly, Fbn2 -/ -mice have reduced BMP signaling in the distal developing limb (Arteaga-Solis et al. 2001), in contrast to increased BMP signaling in growing bones in Fbn1 -/ -mice, indicating that fibrillins can control BMP effects positively or negatively depending on the cellular context.
MARFAN SYNDROME AND RELATED DISORDERS
MFS is an autosomal dominant connective tissue disease caused by mutations in the gene encoding fibrillin-1 (FBN1). Manifestations of the disease include skeletal deformities, joint laxity, lens dislocation, myxomatous degeneration of aortic and mitral valves, pulmonary emphysema, and aortic aneurysm. Over 550 FBN1 mutations causing MFS have been described; most common are missense mutations in EGF domains or mutations that cause premature termination codons (Nijbroek et al. 1995) .
Elastin fibers in MFS tissues are fragmented and disorganized, leading to the hypothesis that MFS is essentially a structural problem. Ramirez and colleagues developed mouse models of MFS that argued against this hypothesis (Pereira et al. 1997; . One mutant Fbn1 allele, a central deletion designated mgD, causes aortic dissection and death by 10 days after birth. A second, designated mgR, is a hypomorphic Fbn1 mutation that causes later onset vascular disease in homozygous mutant mice. These mouse models of MFS showed that fibrillin-1 is required not for elastogenesis but for tissue homeostasis.
Dietz and colleagues showed that the homeostatic factor is TGF-b. For example, mice homozygous for the mgD Fbn1 mutant allele develop enlarged airspaces by postnatal day 9, accompanied by increased TGF-b signaling, increased TGF-b protein, and decreased LAP in the lung (Neptune et al. 2003) . The enlarged airspaces are caused by developmental failure in alveolar septation, rather than destruction. An inhibitory anti-TGF-b antibody reversed the phenotype.
Essentially, the same story-that pathologic changes in MFS mice are associated with increased TGF-b signaling and reversed by TGF-b inhibition-applies to other mouse MFS phenotypes (myxomatous changes in mitral valves, muscle loss, and aortic aneurysm) (Ng et al. 2004; Habashi et al. 2006; Cohn et al. 2007) . Further support of the TGF-b model for MFS comes from Loews-Dietz Syndrome (LDS), which has major overlaps with MFS and is caused by mutations in TGF-b type I or II receptors (Loeys et al. 2006) . Most mutations are missense mutations in the serine-threonine kinase domains. Paradoxically, heterozygous expression of these mutant receptors enhances TGF-b signaling, and aortic tissue from LDS individuals shows increased TGF-b signaling.
Stiff Skin syndrome (SSS), an autosomal dominant disorder, is caused by mutations affecting the RGD-containing TB4 domain of fibrillin-1 (Loeys et al. 2010) . SSS is characterized by thickened, hard skin. The TB4 mutations cause impaired interactions between the TB4 RGD and integrins avb3 and avb6. The skin from these individuals has increased fibrillin-1 and elastin, which are arranged aberrantly in the dermis and dermal-epidermal junction. There is increased TGF-b signaling in the dermis, and greatly increased amounts of LTBP-4. It remains unclear to what extent SSS is caused by aberrant TGF-b signaling versus altered formation of fibrillin assemblies because of impaired fibrillin-1-integrin interactions. Aortic Tortuosity syndrome (ATS) may also be caused by altered ECM regulation of TGF-b (Coucke et al. 2006) . Mutations in the glucose transporter GLUT10 cause this disorder, and vascular smooth muscle cells from these patients make markedly less decorin, an inhibitor of TGF-b (see above).
Dietz and coworkers propose that excessive TGF-b activation in MFS is caused by inadequate LLC sequestration, whereas excessive TGF-b activation in SSS occurs because of an increased concentration of LLC. In other words, fibrillin-LTBP interactions allow normal ECM to act as a sink for TGF-b, reducing TGF-b's bioavailability. Homeostasis fails if the sink is bypassed or overfilled.
LTBP MUTATIONS
Mice lacking the long form of LTBP-1L, the main form produced during development, die at birth from defects in cardiac outflow tract septation and remodeling of the great vessels, associated with decreased TGF-b signaling (Todorovic et al. 2007) . Surprisingly, however, mice lacking both LTBP-1L and LTBP-1S appear to be normal aside from minor changes in the frontal bones of the skull. Following bile duct ligation, however, these mice develop less hepatic fibrosis than do wild-type mice, consistent with reduced TGF-b signaling under these conditions (Drews et al. 2008 ). Ltbp3 -/ -mice have premature closure of synchondroses, osteosclerosis and osteoarthritis, similar to mice with impaired TGF-b signaling ; they also have impaired lung alveolar septation with evidence of reduced TGF-b signaling (Colarossi et al. 2005) . Mice with a hypomorphic Ltbp4 mutation have severe early developmental lung emphysema and develop colorectal cancer (Sterner-Kock et al. 2002) . Elastin fibers in the lungs are fragmented and condensed, and the lungs, colon, and heart have no extracellular TGF-b1. Epithelial cells have decreased TGF-b signaling.
These data indicate that, in general, LTBPs positively regulate TGF-b bioavailability in tissue-specific ways, probably with significant functional overlap given the absence of any overlap with TGF-b isoform knockouts. The apparent reduced TGF-b signaling in LTBP knockouts seems at odds with the MFS models because both should have impaired ECM localization of TGF-b, yet TGF-b signaling is affected in opposite ways. This may relate to non-TGF-b functions of the proteins or differences in how various latent forms of TGF-b are activated.
Dietz and colleagues showed that TGF-b inhibition improves muscle function in a model of Duchenne muscular dystrophy (Cohn et al. 2007 ). In a screen for genetic modifiers in another mouse model of muscular dystrophy, Heydemann et al. identified a 36bp insertion/ deletion polymorphism in exon 12 of Ltbp4 (Heydemann et al. 2009 ) that maps to the proline-rich, protease-sensitive region of LTBP4. The deletion (Ltbp4 D36 ) occurs in the more severely affected strain. Homozygosity of the Ltbp4 D36 allele causes increased TGF-b signaling in muscle. The deletion of these 12 amino acids renders LTBP-4 more sensitive to proteolytic digestion. Thus, both loss of ECM sequestration of LLC (in MFS) and increased ability to release LLC from ECM (in Ltbp4 D36 mice) appear to allow more soluble LLC and ultimately more TGF-b signaling.
TGF-b ACTIVATION BY RGD-BINDING INTEGRINS
Many mechanisms of TGF-b activation have been proposed (Annes et al. 2003) , as listed in Table 1 . In some cases, the techniques cannot distinguish between true activation and enhanced activation. For example, plasmin is proposed to cleave LAP, releasing active TGF-b, but plasmin also processes pro-TGF-b and releases LLC from the ECM by proteolysis of the proline-rich domain of LTBP, events that might enhance another activation process.
It is striking that most putative TGF-b activators are functionally linked to the ECM. Particularly strong evidence indicates that the integrins avb6 and avb8 are physiologically direct activators of TGF-b1 and TGF-b3. This evidence is mirrored by strong overlaps among phenotypes of TGF-b-null and integrin-null mice, as shown in Table 2 .
avb6 is an epithelium-restricted integrin that is up-regulated after epithelial injury. Mice with a null mutation of the gene encoding the b6 integrin subunit (Itgb6 -/ -) lack the avb6 integrin. Itgb6 -/ -mice develop lymphocytic lung inflammation reminiscent of inflammation in Tgfb1 -/ -mice (Huang et al. 1996 ). Binding and cell adhesion studies showed that avb6 interacts with LAP1 and LAP3. Coculture experiments with avb6-expressing cells and TGF-b-responsive reporter cells revealed an avb6-dependent, protease-independent activation process in which active TGF-b remains localized close to the cell surface (Munger et al. 1999; Annes et al. 2002) .
Activation requires the cytoplasmic domain of b6 and a functional actin cytoskeleton, suggesting that force generated by the actin cytoskeleton and transmitted via avb6 to LAP is required for activation. This "traction" hypothesis implies that latent TGF-b must be immobilized so it can be pulled on. Therefore, more support for the traction model comes from the finding that LAP-and ECM-binding components of LTBP-1 are required for activation (Annes et al. 2004 ). Also relevant is the observation that protease-activated receptor-1 (PAR1) signaling enhances avb6-mediated TGF-b activation (Jenkins et al. 2006) . Rho A and Rho kinase, which mediate PAR1 effects on actin reorganization, are required for the PAR1 effect on avb6-mediated activation. Shear forces activate LLC but not SLC in solution; this may be a solution-phase equivalent of the traction mechanism (Ahamed et al. 2008) .
In contrast to the MFS models, in which alterations in TGF-b signaling lead to profound connective tissue changes, Itgb6 -/ -mice display no connective tissue disorder except for gradual onset of emphysema (Morris et al. 2003) . This is caused by lack of TGF-bmediated inhibition of MMP12 expression in alveolar macrophages and resultant elastin degradation. However, Itgb6 -/ -mice are protected from experimental fibrosis and lung injury associated with increased TGF-b signaling (Pittet et al. 2001; Puthawala et al. 2008) .
Nishimura and colleagues showed that avb8 activates TGF-b1 and -3 (Mu et al. 2002; Araya et al. 2006) . In contrast to the avb6 results, avb8-expressing cells release active TGF-b into the medium and must coexpress MT1-MMP to achieve activation. MT1-MMP and avb8 colocalize in cells adhering to LAP1, and MT1-MMP cleaves near LAP's amino terminus (MT1-MMP has also been shown to cleave LTBP-1 and release LLC from the ECM, but it is not known if this action is also important in avb8-mediated activation) (Tatti et al. 2008) . b8 has a cytoplasmic domain that is not similar to those of other b subunits. avb8 is not known to interact with the actin cytoskeleton, and cells expressing a b8 mutant protein lacking the cytoplasmic tail still activate TGF-b. Therefore, avb8-mediated activation appears to be independent of actin cytoskeletal traction, and the role of the integrin is to present latent TGF-b to a membrane-bound protease.
REDUNDANCY AMONG TGF-b ISOFORMS AND INTEGRIN ACTIVATORS
Mice with a knock-in mutation of Tgfb1 that alters the RGD binding site to a nonfunctional RGE sequence (Tgfb1 RGE/RGE mice) fully reproduce the phenotype of Tgfb1 -/ -mice, indicating that RGD-binding integrins are required for TGF-b1 activation during development and early life (Yang et al. 2007) . Among the 8 RGD-binding integrins, only avb6 and avb8 appear to be required for TGF-b1 activation at this stage, at least in regard to phenotypes in TGF-b1-deficient mice. Specifically, Itgb8 -/ -mice treated perinatally with an antibody that blocks avb6 develop the immunological features of Tgfb1 -/ -mice (severe multiorgan inflammation and absence of Langerhans cells), and Itgb6 -/ -;Itgb8 -/ -mice have a high incidence of cleft palate, the main finding in TGF-b3-null mice (Aluwihare et al. 2009 ). Conversely, Tgfb1 RGE/RGE ;Tgfb3 -/ -mice are all born with brain hemorrhage, the only phenotype in mice lacking avb8 that is not seen in mice lacking just TGF-b1 or TGF-b3 (Mu et al. 2008) . Thus, avb6 and Lyons et al. (1990) and Flaumenhaft et al. (1992) ; osteoclast data from Oursler (1994) ; MMP-13 data from Uchinami et al. (2006) and Nannuru et al. (2010) ; TSP1 data from Crawford et al. (1998) ; Itgav 2/2 data from Bader et al. (1998) ; avb6 data from Munger et al. (1999) ; avb8, MT1-MMP data from Mu et al. (2002) ; avb3, avb5 data from Wipff et al. (2007) ; ROS data from Jobling et al. (2006) ; shear force data from Ahamed et al. (2008) .
TGF-b, Integrins, and EC Matrix
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avb5 ALSO ACTIVATES LATENT TGF-b1 Wipff et al. (2007) showed that cultures of contractile myofibroblasts generate active TGF-b1 using avb5 (mainly) and avb3, although many other experiments have not shown these integrins to activate (Araya et al. 2006) . The critical experimental factor that allowed detection of activation by these integrins was the ECM: the cells activated TGF-b from myofibroblast-derived ECMs (generated over many days) that were rich in LTBP-1 and latent TGF-b1. In contrast, less-contractile fibroblasts with low expression of a-smooth muscle actin (aSMA) could not activate TGF-b1 from these ECMs. Increasing force across the ECM-integrin-actin continuum favored activation: increased cell contractility, stretching of the ECM on silicone membranes, and increased ECM stiffness all increased the amount of active TGF-b, whereas inhibitors of actin contraction and low ECM stiffness blocked activation.
These results extend the traction model developed for avb6, and are consistent with data that fibroblasts from dermis affected by localized scleroderma, but not from normal dermis, activate TGF-b in an avb5-dependent manner (Asano et al. 2006 ). It appears that ECM, mesenchymal cells and TGF-b have selfreinforcing interactions in wound healing. TGF-b signaling increases ECM production, and converts fibroblasts to aSMA-positive myofibroblasts; in turn, more abundant ECM (with more LTBP, TGF-b, and stiffness) and more contractile myofibroblasts expressing avb5 generate active TGF-b.
Time-lapse imaging in these experiments shows that the LTBP-1-containing fibers are under significant strain from cell forces (Wipff et al. 2007 ). This highlights the possibility that force across avb5-LAP1-TGF-b1-ECM may not be the only relevant force. Direct linkages between avb5 and other components of the fibers (such as fibronectin) might induce rearrangements in the fibers that improve the Lethal multiorgan lymphocyte-mediated inflammation, lack of Langerhans cells.
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bioavailability of the LLC-and perhaps even cause direct activation of TGF-b independent of the RGD site in LAP1, perhaps via proteingenerated shear forces analogous to shear in solution. This latter mechanism appears unlikely, but not impossible, because mechanical stretching (using flexible membranes) of the ECM does not activate TGF-b in these experiments unless the actin cytoskeleton is also in a contractile state.
ARE THERE OTHER MODES OF TGF-b ACTIVATION?
The phenotypes of avb6-and/or avb8-deficient mice (Aluwihare et al. 2009 ) and Tgfb1 RGE/RGE mice (Yang et al. 2007 ) indicate that integrin-mediated TGF-b activation is required for developmental events in angiogenesis, the immune system, and the palate. Fibrosis and injury models show that avb6 is needed to activate TGF-b on the short time scales of these models.
But while discrete injury and developmental events use specialized integrin activators acting over short periods of time, the same may not be true in long-term ECM homeostasis. The MFS models show that the ECM performs sequestering and dampening functions to prevent excessive TGF-b signaling but do not identify the mechanism(s) of TGF-b activation. Indeed, the mechanisms involved on longer time scales relevant to ECM homeostasis may be different, perhaps consisting of nonspecific processes such as slow spontaneous release of TGF-b from LAP and transfer to other binding sites, or events associated with physiologic ECM breakdown and cellular uptake.
CONCLUDING REMARKS
The complex, bidirectional interactions between cells and their surrounding extracellular matrices provide opportunities for exquisite regulation of cellular behavior in space and time. It is now clear that much of this regulation occurs in the extracellular space, as the biology of the TGF-b family makes abundantly clear. Examination of induced and naturally occurring mutations in integrins that can activate TGF-b, ECM proteins that regulate TGF-b bioavailability and TGF-b family members themselves has highlighted the precision required to present the right amount of active TGF-b in the right place at the right time. Indeed, similar developmental abnormalities (e.g., pulmonary emphysema) can result from either too much (MFS) or too little (hypomorphic Ltbp4) TGF-b activity in the lung during the period of alveolar development.
Despite substantial progress identifying key determinants of developmental regulation of TGF-b over the past decade, much remains to be learned about how this process is regulated to maintain normal tissue homeostasis. The relative contributions of specific integrins, ECM components and other, perhaps unidentified, components in control of TGF-b activity during the development of chronic organ dysfunction in disease are also largely unexplored. The cell surface proteins (if any) that facilitate activation of latent TGF-b2, which does not contain an RGD motif in its LAP, remain to be identified, and the roles (if any) of avb5-and avb3-mediated TGF-b activation in vivo have not been determined. It thus seems likely that efforts to decode the elaborate conversation among integrins, growth factors and the extracellular matrix will continue to be fruitful for the foreseeable future.
